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Abstract 
The evaluation of the predictive capabilities of models proposed in the literature for laminated composites 
calls for experimental testing providing detailed results of both the global and local response in terms of 
degradation mechanisms, such as delamination, transverse cracking and fibre breaking. Scaled tests, in 
which one or more characteristic dimensions are modified, allow variation of the different mechanisms. In 
this paper, a unique series of scaled indentation tests are performed on quasi-isotropic composite plates, 
and a detailed assessment of the damage evolution is carried out through non-destructive techniques, 
including ultrasonic C-scan and X-ray Computed Tomography (CT). Four different configurations are 
tested, presenting changes in both in-plane dimensions and fully three dimensional scaled cases. The latter 
are performed with sublaminate and ply scaling to show the effect of ply thickness on response. A detailed 
set of results for both global behaviour and the damage evolution is provided to demonstrate the 
mechanisms controlling behaviour and to create a reference set of data for model validation. The scaling 
effects observed are also discussed making use of simplified analytical models. 
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1.! Introduction 
In the last decade, the increased use of laminated composites in advanced structural applications has 
required the development of a wide variety of modelling strategies for the description of composite 
materials and structures. The validation of the predictive capabilities of such models for damage becomes 
a real challenge, which needs to be addressed if these strategies are to be introduced in industrial practice. 
In order to be used for virtual structural testing, that is for numerical simulations dedicated to the design of 
laminated structures, a model must be able a priori to predict structural failures in a wide range of complex 
loading cases. A first task is to define the degradation mechanisms that are involved. Structural failure 
originates from two main mechanisms: fibres breaking within the plies or delamination between plies. 
However, other subcritical degradations may play an important role in the final failure. In particular, 
intralaminar cracks, generally appearing at relatively low stress levels, have been shown to act as initiators 
for delamination [1–3] or to reduce stress concentrations associated with holes and notches to delay fibre 
failure [4]. Depending on the relative importance of each mechanism, the final failure scenario and the 
associated load may change significantly. Thus, tests chosen for validation of the models should highlight 
the different interactions between the following main degradation mechanisms: intralaminar cracks, 
delamination and fibre fracture. 
A simple way of disrupting the failure sequence between these elementary degradation mechanisms, and 
thus of exploring a wide variety of failure scenarios with little or no change in the experimental setup, is 
the use of scaled tests. The principle is to perform a series of experiments using the same setup but varying 
the characteristic geometrical parameters, such as ply thickness or in-plane dimensions of the sample as 
well as the dimensions of the experimental apparatus. As the degradation mechanisms do not depend in the 
same way on these characteristic parameters, a modification can change the failure scenario for the same 
experimental setup. 
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This idea has already been applied, for example, to open-hole tensile tests on quasi-isotropic laminates [5]. 
A wide range of laminates made of the same material and stacking sequences was tested. The tests have 
shown that a simple change in the ply thickness led to a dramatic difference in the failure scenario, from 
fibre-dominated to delamination-dominated failure. Furthermore, the variation of strength with in-plane 
dimensions followed an opposite trend in the case of each failure scenario. This experimental work was 
used both by the authors and by other research groups [6–10] as a basis for validation of different proposed 
models. 
The objective of this work is to apply the idea of scaled tests e.g. [11] and [12] to a quasi-static indentation 
test configuration with close similarities to the low-velocity impact test of the ASTM D7136 standard [13] 
in terms of test configurations and damage mechanisms involved. Many works on low-velocity impact and 
static indentation test presented in the literature generally focus on a single simple geometry and do not 
emphasise the acquisition of comprehensive results in terms of damage evolution prior to final failure. In 
this paper, the authors provide extensive results for scaled indentation tests which highlight the fundamental 
controlling mechanisms. These are then used to validate numerical models in part 2 of this study. The 
experiments are also documented in sufficient detail in order to provide a reference for model validation 
for other researchers. 
In [14], low-velocity impacts are defined as impacts in which the contact time between the impactor and 
the plate is long enough to allow all wave reflections from the boundaries. The relation between deflection 
and impact load approach those of a purely static loading case [15]. In terms of validation, however, low-
velocity impact tests do not allow one to observe the succession and evolution of the degradation 
mechanisms within the plate, since the plate can only be inspected upon the completion of impact testing. 
For this reason, a number of researchers have turned their attention to static indentation tests. These tests 
have been demonstrated to give similar global behaviour and damage states as low-velocity impact tests 
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[16–19]. Since they are static tests, they can be easily interrupted at different stages to observe the damage 
evolution within the plate. Figure 1 shows X-ray images comparing two identical composite laminates 
having a similar projected delamination area induced by quasi-static indentation and dynamic low-velocity 
impact. No obvious difference can be detected in terms of damage morphology. 
Extensive studies can be found in the literature involving experimental results for low-velocity impact or 
static indentation tests on laminated composites. A few of these works are reviewed here, to illustrate the 
existing results and to motivate the proposed experiments in this work. In the experiments described in the 
literature, the plate is often a circular or a rectangular shape; it is either clamped between two fixtures or 
simply supported on a steel window (see Section 2.1 for more details). In most cases, quasi-isotropic lay-
ups are considered [19–22], while some works deal with cross-ply [0n /90m ]S or [0n /45m]S stacking 
sequences [23,24]. The results reported are varied but can be classified into two main categories. On one 
hand, some papers explore the scaling effect as defined before [22,25,26], but in this case exhaustive 
experimental data on all the degradation mechanisms are not given, with results generally being limited to 
the global responses or overall damage extent [24,27]. On the other hand, there are studies focusing on a 
specific feature of the response, such as the delamination threshold [28,29] or the local indentation effect 
[21,30]. However, papers reporting complete results in terms of global response and damage evolution 
together are rare, and mostly concentrate on a single lay-up and material configuration. Since both the 
experimental parameters and the available information on the plate response vary largely from one paper 
to another, it is difficult to draw conclusions on the scaling effects in these types of test. 
As shown in Figure 2, in terms of global response in most of the described tests, the plate experiences three 
loading stages during transverse out-of-plane loading. The response involves different damage mechanisms, 
and the transition of each stage is associated with one or multiple significant load drops. At the beginning, 
Stage I shows an elastic response, however nonlinear behaviour appears, which can be attributed to local 
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indentation effects, matrix cracking and geometrical nonlinearity. When the load reaches a critical value FC 
indicating delamination onset, a large load drop occurs, followed by the response with degraded global 
stiffness (KII < KI) in Stage II. With propagation of the underlying delamination in Stage II, the degree of 
nonlinearity increases, with multiple delaminations, and eventually leads to fibre failure at the bottom and 
top of the specimen as the load increases in Stage III [19,24,27,30], after which complete penetration will 
take place, which was not considered in this study.  
In this work, the objective is to obtain a detailed description of the evolution of the damage during static 
indentation. Scaled static indentation tests are performed and non-destructive inspection techniques are 
used to evaluate the damage scenarios within the plates at different load levels.  
2.! Experimental Method 
2.1. Definition of the test cases 
Different configurations are used in the literature for low-velocity impact and quasi-static indentation tests, 
ranging from circular to rectangular specimens, which are either fully clamped or simply supported [31,32]. 
In the aerospace industry, an accepted test configuration is a rectangular 150 × 100 mm specimen, simply 
supported on a 125 × 75 mm window with four rubber-tipped clamps, as per the ASTM D7136 standard 
[13]. This configuration is used and scaled in this work, and a schematic of it is presented in Figure 3. 
Similarly to the open-hole tensile tests studied in [1], in this paper the focus is on two types of scaling: in-
plane scaling and thickness scaling. In order to keep reasonably-sized specimens, the original 150 × 100 
mm plate, support window and indenter are downscaled by a factor of two to obtain the Reference specimen 
(termed ‘Ref’ hereafter). In-plane scaling (hereafter termed ‘Is’) is achieved by having the same thickness 
as the Ref case, but with double the in-plane dimensions. Three-dimensional scaling is achieved by doubling 
both the in-plane dimensions and the plate thickness. 
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A quasi-isotropic stacking sequence, [45m/0m/90m/45m]ns  (where 0 is the direction of unidirectional fibre 
orientation parallel to the long side of the plate), is chosen for all specimens. The specimen thickness can 
be doubled either by doubling ‘m’ (ply-block scaling, hereafter termed ‘Ps’) or by ‘n’ (sublaminate level 
scaling, hereafter termed ‘Ss’). This scaling was expected to play a role in damage development, since the 
propensity for transverse cracking and delamination is dependent on ply block thickness, as observed in 
some literature results [20,22,23]. It should be noted that in this case, due to the choice of the quasi-isotropic 
stacking sequence, the overall flexural stiffness of the Ps and Ss configurations is extremely similar 
allowing an easy comparison between the global load-displacement curves. The characteristics of the tested 
specimens are summarised in Table 1.  
2.2. Material and methods 
The specimens were made using Hexcel IM7/8552 unidirectional pre-impregnated sheet with 0.125 mm 
nominal cured ply thickness. The manufacturer’s recommended curing cycle was used and mechanical 
properties can be found in [8]. Static indentation tests were conducted by mounting a 16 mm (or 8 mm for 
Ref case) diameter steel tup to an INSTRON servo-hydraulic testing machine. This indenter was forced 
against the specimen which is simply supported over a 125 × 75 mm (or 62.5 × 37.5 mm for Ref case) 
window as shown in Figure 3. The indentation tests were conducted under displacement control at a rate of 
0.5 mm/min for all cases. The dynamic and rate effects of laminate were considered to be eliminated at this 
slow loading rate. The load and displacement of the indenter of the test was acquired at a sampling rate of 
20Hz. When the desired milestone (e.g. just before or after the first significant load drop), was achieved 
during the test, the specimen was then unloaded. Ultimate failure is defined by the development of fibre 
breakage in the lower plies shown as multiple load drops at Stage III in Figure 2. 
In order to follow the evolution of the degradation mechanisms during the tests, nine coupons were 
manufactured for each test case and the following interrupted tests performed: 
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•! 3 specimens were loaded until ultimate failure in order to evaluate the repeatability of the test and 
to determine the load level of each load drop. 
•! 1 specimen was loaded and interrupted just before the first significant drop in the load curve (as 
pre-determined from the complete failure tests above). 
•! 2 specimens were interrupted just after the first load drop. 
•! 3 specimens were interrupted at different load levels between the first load drop and the final 
specimen failure load. 
In order to describe and understand the relation between the different damage mechanisms occurring 
extensive Non-Destructive Inspection (NDI) was carried out; ultrasonic C-scan for overall damage mapping 
and X-ray Computed Tomography (CT) scanning for full 3D damage interpretation.  
3.! Experimental Results 
3.1. Global behaviour 
Typical load-displacement curves associated with the four types of specimens are plotted in Figure 4. Apart 
from the obvious differences in stiffness, related to the different thickness and in-plane sizes of the plates, 
all four curves display a similar global behaviour. This is characterised by a first load drop, occurring long 
before final failure, followed by significant load recovery of the specimen up to more than twice the 
magnitude at the load drop. Once a second threshold is reached, a series of damage events generate a number 
of subsequent load drops. The tests were stopped as soon as fibre failure in the lower ply was observed. 
The repeatability of the tests was verified by superimposing the load-displacement curves for all the 
specimens, and also by comparing the force at the first load drop. In  Ref, Is and Ps cases, the maximum 
variation was found to be around 5 to 6%, while it was even lower (1.3%) for the Ss case, showing a very 
good repeatability for all tests. 
A number of characteristic features were measured for all tests; the critical load (FC) and the displacement 
corresponding to the first load drop, percentage of the load drop, the maximum transverse crack length 
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before the load drop and the delamination size after the load drop. These values are reported in Table 2 and 
discussed in the next section. The force and displacement values at the first load drop, as well as the size of 
the load drop itself, appear to scale in a non trivial way with the plates’ in-plane and thickness dimensions. 
In particular, the size of the load drop was found to be much more significant (around 20%) for thick plates, 
while it could nearly be overlooked for thin ones. A more detailed investigation of the damage development 
in the plates, reported in the next section, focuses on the events before and after this first load drop. 
3.2. Damage evolution 
Non-destructive evaluation of the damage in terms of transverse cracks and delamination was 
systematically carried out for each interrupted specimen. An overall evaluation of the delaminated area was 
achieved via C-scan, performed for each interrupted test on both sides of the plate. More detailed 
information on the presence of matrix cracks and the shape and size of delamination at each interface was 
obtained via CT-scan. Prior to CT-scan, a small hole was carefully drilled at the centre of the local 
permanent indentation in order to introduce zinc-iodide penetrant, used to highlight the presence of cracks 
and delamination. 
3.2.1! C-scans: global evolution of the delamination 
Figures 5-8 display the load-displacement curves for each case, as well as the C-scan images obtained for 
some of the interrupted specimens at both indented (front) face and back face. In particular, the time-of-
flight information from C-scans was colour coded to depict the delamination at different interfaces. The 
values are not presented here since the C-scans are only employed here to obtain an overall evaluation of 
the projected delaminated size. 
No delamination could be observed in any of the C-scans preceding the first load drop. However, transverse 
cracks within the plies were observed in the CT-scans that could not be detected by the C-scans. Significant 
delamination was systematically observed after the load drop. This first drop appears thus to be caused by 
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initiation and immediate propagation of delamination at a number of different interfaces. Some of these 
delaminations can be seen to have further propagated in the C-scans taken after the second load drop. The 
overall size of the delamination after the first load drop, accessed by CT-scans, is taken as a characteristic 
feature of the plate damage and reported in Table 2. 
3.2.2! CT-scans: detailed damage mechanisms for each ply and interface 
The CT-scans carried out on the specimens interrupted before the first load drop confirm the presence of 
damage in the form of intralaminar cracks in all plate configurations. As could be expected, these cracks 
are located in the bottom part of the plate (that is, in the zone which is under tension during testing). In the 
case of the thin plates (Ref and Is), all the plies in the bottom half of the plate are involved, while in the 
case of the thick plates (Ps and Ss) cracks appear only in the bottom quarter of the plate. Most of the cracks 
are localised in a very limited zone around the indenter, while in the bottom 45◦ ply the longest cracks were 
found. Comparisons between the different tested configurations for the uppermost transverse cracks and for 
the cracks in the bottom ply are given in Figure 9 and Figure 10. The maximum length of the transverse 
cracks at the bottom of the plate before the first load drop is taken as a characteristic feature of the plate 
damage and is reported in Table 2. 
The CT-scans carried out on the specimens interrupted after the first load drop give detailed information 
on the delamination and transverse crack patterns within the plates. These data are extensive and can not 
all be included in this paper. Overall views of the damage pattern for each case are given in Figure 11, while 
some characteristic interfaces are extracted and compared across the test cases in Figure 12 and Figure 13. 
The full comparison of damage in all the interfaces is available for download from the Research Data 
Repository of University of Bristol at data.bris.ac.uk/data/dataset/12gx6827n337u1dxy6iilf3t1f. 
The delamination pattern appears to have a similar shape in all the plate configurations. Two delaminations, 
symmetrically positioned with respect to the indenter, develop at each interface, their shape and orientation 
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determined by the fibre directions in the adjacent plies. Triangular shaped delaminations develop between 
plies whose fibre directions are different by 45o (see for example the top 90/ −45 interfaces in Figure 12), 
whereas delaminations shaped as half-circles develop at 90o interface where fibre directions are different 
by 90◦ (see for example the bottom 90/0 interfaces in Figure 13). In all cases, transverse cracks parallel to 
the fibre direction develop within the plies and allow the delaminations at the different interfaces to join up. 
The overall projected delaminated area has a circular shape and, thus, it is most effective in decreasing the 
plate flexural stiffness and releasing the stored elastic energy. Similar observations have been made in 
previous works on impact damage, mostly from C-scan results. While the shape of the delaminations 
appears similar in all four test cases, their size scales in a non-trivial way (as was anticipated when looking 
at the C-scans).  It is thus also taken as a characteristic feature of the plate damage and reported in Table 2. 
3.2.3! CT-scans: Interaction between intralaminar cracks and delaminations 
From the X-ray CT-scan on damaged specimens after the first load drop it was seen that individual 
delamination development is significantly influenced by the matrix cracks in its neighbouring plies. Figure 
14 provides a set of CT-scan images showing individual delamination shapes at damaged interfaces for the 
Ps case interrupted after the first load drop. The major matrix cracks are highlighted using dashed lines.  
Several common damage behaviours of the tested composite laminates can be summarised as follows from 
this damage assessment, which confirm other conclusions made in the literature [21,33,34] and are also 
predicted in the proposed high-fidelity models in part 2 of this study [35].  
−! Due to matrix plasticity and damage, a permanent indentation is seen at the top ply in direct contact 
with the indenter.  
−! Delamination propagates at each interface between dissimilar fibre plies except the first interface 
(top 45o/0o interface), believed to be due to the high contact stress immediately under the loading 
site. No delamination is found at the interface between blocked plies with the same fibre orientation. 
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−! Delaminations always propagate along the direction of the lower ply fibre orientation, and 
propagation normal to the fibre direction is impeded by matrix cracks. The delamination area is 
smaller between plies with a 45o orientation difference (45o interface) than between plies with a 90o 
orientation difference (90o interface). 
−! A ‘delamination-free’ zone is observed underneath the contact site in the through-thickness 
direction due to the high compressive stress [36] from Hertzian contact stresses, which supresses 
the delamination formation.  
−! Delamination at 45o interfaces propagates in a triangular shape which is intersected by two pairs of 
long matrix cracks.  
−! There is at least one pair of long matrix cracks formed where the delamination starts to propagate, 
and no delamination is found within the area between the long matrix cracks. 
−! Multiple matrix cracks due to tension can be found in the lower sublaminate groups.  
4.! Scaling Effects  
The experimental results presented show that a similar sequence of damage events occurs in all 
configurations. However, the scaling of the characteristic quantities appears to be quite complex, since it is 
related to the occurrence of different damage mechanisms, which are governed by the plate in-plane and 
thickness dimensions. Although the main aim of this paper is to provide detailed experimental results for 
model validation in part 2 [35], in this section it is attempted to give some preliminary interpretations of 
the main scaling effects observed, based on simplified analytical models  
4.1. Initial stiffness scaling 
Even when considering only the linear elastic response, flexural tests are more complex to compare than 
tensile tests (such as the ones considered in [1]). Since the material is inhomogeneous, and it is not possible 
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to present the local averaged stress/strain relation, the scaling of the initial flexural stiffness with the plates 
dimensions must be considered if the results are to be compared. 
Table 3 shows the comparison of experimental and analytical initial stiffness for each case. The analytical 
initial stiffness is calculated by the expression !"##ℎ%/'()  from [37], where !"##  is the effective 
homogenized Young’s modulus of the laminate, ℎ and ( are the thickness and the characteristic dimension 
(the unsupported width of the opening in this case) of the laminate. '=0.175 here is a correction factor 
which depends on the aspect ratio of the plate [17]. The lower estimation of the analytical solution in the 
Ref and Ps cases is because the local indentation effect is not accounted for. According to the above 
expression and plate theory for both quasi-isotropic and isotropic material, the plate flexural stiffness is 
proportional to ℎ%/() [38]. The stiffness of the Ps and Ss plates should thus be double that of the Ref plate, 
since both thickness and in-plane dimensions are doubled, while the stiffness of the Is plate should be one-
fourth that of the Ref plate, since only the in-plane dimension is modified. This scaling appears to agree 
reasonably with the slopes measured for the Ref, Ps and Ss cases as shown in Table 3. The scaling parameter 
is the ℎ%/() value of each case normalised by that of the Ref case. Here, the slight difference between the 
experimental stiffnesses of the Ps and Ss plates is attributed to the difference in the individual ply 
thicknesses. The lower estimation in the Is case is caused by the strong non-linearity at the very beginning 
of the experimental load-displacement curve shown in Figure 4 that can be explained by the membrane 
stiffening effect. 
In order to understand the importance of nonlinear effects in the scaled plates, the behaviour of these four 
scaled specimens under static indentation can be simplified as a spring-mass model up to the critical load, 
if one ignores the local indentation due to Hertzian contact stresses. The above expression for the initial 
stiffness can be expanded into the following form based on thin circular plate theory, 
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                          * = ,-./0 + ,2/0%3  where  ,-. ≈ 567789:-;   33,< ≈ ,< !=ℎ>4(2                          (1) 
where *  and /0  are the force and the mid-plane out-of-plane deflection, ,-.  and ,2  are the bending-
shearing stiffness and membrane stiffness of the plate, ,2 = 0.157 is a dimensionless factor determined by 
the boundary conditions and mobility of the plate [37]. The bending stiffness term, ,-., is a function of the 
effective homogenized Young’s modulus of the laminate (!"## ), the thickness, h, the width of the 
unsupported opening b (75mm for the large plates and 37.5mm for the Reference plate) and a constant '. 
The membrane stiffness term,3,2, is proportional to, !A, the effective in-plane Young’s modulus and3ℎ/(). 
If one compares the first linear term associated with bending-shearing stiffness with the second nonlinear 
term, the second term is small enough to be neglected for a small deflection. The deflection then becomes 
a linear function of contact force * through bending-shear stiffness, which is observed in all cases except 
the Is case. The load-displacement curves derived from analytical solution (Eq. 1) and the experiment are 
compared in Figure 15(a),  It is can be seen that the correlation between the test result and the linear 
analytical solution before the first load drop is very good in the case of the Ps and Ref plates, but a 
significant difference is found in Is case. 
The special case of the Is plate is that it has a halved thickness to width ratio (ℎ/() thus h3/b2 is much 
smaller than for the other plates, making the nonlinear membrane term that is associated with /0% greater 
with increasing deflection and approaching the same order of magnitude as the linear bending-shear term. 
Figure 15(a) also shows a comparison between the analytical solution with and without the nonlinear term 
that is associated with the membrane stiffness for the Is case. Using only the first linear term of the 
expression is no longer accurate to represent the response of Is plate. The nonlinear term ,2/0%, in this case, 
dominates the overall plate response, showing a strong nonlinearity in the load-displacement curve.   
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After the load reaches a critical value for all cases, the nonlinearity of the response is further increased 
because the delaminated portion acts as multiple thin plates. As the number of delaminations increases and 
the size of the delaminations becomes larger, so the nonlinear response becomes more significant [39]. 
With increased loading, the degradation of flexural stiffness due to the damage is counteracted by the 
membrane stiffening effect at the large deflections, particularly for the Is case. 
The Ps case can be treated as a true scaled-up replica of the Ref case since all geometric parameters [40] of 
both are satisfied with a scale factor B = 2 according to the Pi theorem [41]. Therefore, the contact force 
and deflection of the Ref case should be scaled up by B) and B respectively to replicate the response of the 
Ps case. The comparison made in Figure 15(b) shows that the scaled Ref plate result indeed correlates with 
the Ps test results very well in terms of initial stiffness, degraded stiffness and even the number of load 
drops, which once more confirms that the damage mechanism of both is very similar. However, each load 
drop in the Ps case occurs at a significantly lower load than for the scaled Ref case. This is because the 
damage initiation and critical load are in fact not able to be accurately scaled with simple similitude laws, 
as discussed in the next section. 
4.2 First load drop scaling 
As discussed in Section 3.2.1, the first load drop is caused by initiation and immediate propagation of 
delamination at a number of different interfaces. Different characteristic features of this load drop have 
been pinpointed when discussing the experimental results: 
−! the maximum force before the load drop  ( or critical load ~ FC) 
−! the percentage of the reduction in load at the first load drop 
−! the projected delamination size after the first load drop 
An interpretation of the scaling of these quantities requires the understanding of the mechanisms associated 
with the delamination propagation within the composite plates. 
 15 
Simple analytical models to predict the main features of delamination propagation within a plate loaded by 
a central transverse load have been proposed in the literature [39,42–44]. Similar to the previous expression 
shown in section 4.1, the authors considered a circular isotropic plate with clamped boundary conditions 
under a central point loading, and the load-displacement relation of the plate was based on the theory of 
thin plates. They studied the loading condition to propagate a representative single circular delamination 
located at the mid-plane of the plate [42] , or a number (N1) of circular delaminations which are equally 
spaced through the plate thickness, dividing the plate into N sublaminates, in linear [43] and geometric 
nonlinear [39] regimes. Notwithstanding the many simplifications, these models are useful for a first 
evaluation of the expected dependence of the plate behaviour on its characteristic dimensions. The linear 
model [43] predicts that the propagation of delamination takes place at a constant load FDwhich depends 
on the plate's material and geometrical parameters, as well as on the number of circular delaminations. The 
general expression for N-1 delaminations as given in [43] is:  
*C = %)D;CEFFGHIJ                                                             (2) 
where K = 567789J)(JMN;) is the equivalent bending stiffness, N is the number of sublaminates, and GIIc is the 
mode II critical strain energy release rate. The expression given in [42] for a single delamination can be 
found as a particular case of Eq. 2, with N=2.  
The geometrically nonlinear model [39], on the other hand, predicts that propagation at (nearly) constant 
load can only occur up to a certain delamination size; after that, the geometric nonlinear effect starts to 
become important and the load needs to be increased in order to obtain further delamination growth. 
The energy condition given by Eq. 2 only accounts for crack propagation, however a stress-based condition 
for initiation should also be satisfied in order for the delamination to occur. Before the first load drop, the 
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maximum shear stress associated with the plate bending occurs at the mid-plane of the plate. Therefore a 
single central delamination is expected to initiate at this location. For this reason, Eq. 2 with N=2 is expected 
to give a reasonable approximation of the force value, FC, at which the first load drop occurs. Migration of 
this central delamination from its initial interface to different adjacent interfaces through transverse matrix 
cracks (as observed in the experimental results) creates a damage morphology comparable to that of a full 
circular area of multiple delaminations, as assumed in the simplified analytical models. 
The stress redistribution associated with the propagation of a mid-plane delamination increases the shear 
stress at the mid-planes of the newly created sublaminates, enabling the initiation of further delaminations. 
According to Eq. 2, increasing the number of delaminated interfaces decreases the load associated with 
propagation. The unstable initiation and propagation of multiple delaminations is interpreted to be the cause 
of the load drop. For laminates with N > 2 number of sublaminates at the end of unstable initiation and 
propagation of multiple delaminations (i.e. N -1 > 1), the force just after the load drop can be given again 
by Eq.2. N=4 was selected for the Ref and Ps cases according to their laminate configurations, and it is 
consistent with the analytical studies available in the literature [39,43,45]. The expression of the 
displacement given in [43] for a circular homogeneous plate can then be used to estimate the size of the 
delamination just after the load drop. 
The numerical values of the critical load, percentage of load drop and delamination size estimated using 
this simplified model are given in the following Sections. While in most cases the orders of magnitude 
appear reasonable, this extremely simplified analysis cannot capture all of the key features of the response. 
In particular, geometric nonlinearity should be introduced in order to account for the force increase after 
the first load drop and to improve the description of the behavior of the thin plates (Is, and also to a lesser 
extent Ref). A way to account for the effect of geometric nonlinearity in a simplified analytical formulation 
was recently proposed in [45]. Alternatively, full Finite Element simulations accounting for geometric 
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nonlinearity, as well as the progressive damage development, were carried out in part 2 of this work [35]. 
The sequence of damage mechanisms proposed in this simplified analysis (initiation and propagation of a 
central delamination, immediately followed by unstable initiation and propagation of multiple 
delaminations) was confirmed by the numerical results. 
4.2.1 Force associated with the propagation 
Estimates of the theoretical force associated with the propagation of a single, circular mid-plane 
delamination (i.e. N-1=1) can be obtained from Eq. 2 using effective mechanical properties and the critical 
energy release rate. Since the plates are not isotropic and they are subjected to flexural loading, the 
minimum equivalent flexural modulus and associated Poisson’s ratio are used in the calculation. The critical 
strain energy release rate in mode Mode II is taken from [32]. The input values and predicted propagation 
loads are reported in Table 4. These theoretical estimates capture reasonably well the magnitude of the 
forces associated with the first load drop for all plates. Because the effects of ply thickness and in-plane 
dimensions are not taken into account in Eq. 2, the predictions are not highly accurate. 
Looking at the predicted values in more detail, one can notice that, in three out of four cases (namely, the 
Ref, Ps and Ss plates), the loads are overestimated. This could be associated with the presence of transverse 
cracks prior to delamination; these cracks, indeed, help the occurrence of delamination by creating stress 
concentrations at the interfaces. In the Ps case, the thicker ply blocks lead to less resistance to transverse 
cracking prior to delamination, and the overestimation is more significant than in the Ss case. In Eq. 2 the 
predicted critical load is independent of the plate in-plane dimensions, hence the estimates of the Ref and 
Is plates have the same value of 1.61 kN. The underestimation of the critical load in the Is plate can once 
again be attributed to the more significant geometric nonlinear effects on the whole plate, as discussed 
previously. 
4.2.2. Size of the load drop 
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As discussed in Section 4.2, the load drop is expected to be caused by the initiation and propagation of 
multiple delaminations, which immediately follow the first central delamination. An estimate of the load 
drop value for the perfectly scaled Ref and Ps cases can be obtained by considering N=4 according to their 
laminate configurations. This yields 
         33Δ* = %)D;CEFFG% 3−3 %)D;CEFFGR 3= 3 %)D;CEFFG% 1 − J) ≈ 0.26*W                       (3) 
where FC is the force value just before the load drop. Compared to the experimental values in Table 2, Eq. 
3 appears to give a reasonable estimate of the load drop for the thick Ps plate, while it greatly overestimates 
the experimental response for the thin Ref plate. The expected reason is once again the effect of geometric 
nonlinearity. The local nonlinear effects in the delaminated region might be expected to be more significant 
for thin plates than for thick ones (see [45]).  
Observing the results from Table 2, indeed, it appears that the level of the load drop is related to the overall 
thickness of the given laminates. The same observation has been found in similar tests in the literature 
[46,47]. 
4.2.3 Scaling of damage size 
The simplified model proposed in [43] can also be used to estimate the size of the delaminated area right 
after the load drop, under the same plate and boundary condition assumptions as in section 4.2. One can 
start from the expression for the mid-plane displacement (/X) of the plate centre, given as 
/X = YZ;JRDC 1 + [) − 1 \)                                                 (4) 
where R is the radius of the circular plate and \ = ]/^ is the nondimensional delamination radius. In the 
displacement driven test, the value of /X before and after the load drop are the same. One can then write 
 19 
3YGZ;JRDC = YG_;Z;JRDC 1 + 24\)                                                             (5) 
where FC_2 is the force at the end of the unstable load drop as calculated in Eq. 3 to be equal to ( J))FC. 
Assuming the initial delamination behaviour and N=2 on the left hand side of Eq. 5, and multiple 
delaminations (N-1=3) and an unknown delamination size after the load drop on the right hand side, Eq. 5 
can be solved for the delamination size;  
                                            33\ ≈ 0.14                                                                                   (6) 
The actual delamination diameter can then be estimated to be about 5 mm for the Ref case and about 10 
mm for the Ps case. These estimates appear to give a reasonable order of magnitude when compared to the 
maximum delamination sizes obtained experimentally, in table 2. 
According to this simplified analysis, the delamination size should scale with the in-plane plate dimensions. 
The true scaled pair, that is the Ref and the Ps plates, match this ratio: 
 
 
(the experimental values are given in Table 2). This delamination damage scaling due to transverse loading 
after critical load, reached for true scaled laminates, is consistent with a similar work carried out in [26] in 
which an averaged initial delamination size scaling factor of 2.18 was experimentally obtained based on 
three pairs of true scaled laminates.  
By using the above approach, some useful insights into the scaling mechanisms involved in this 
experimental study can be obtained. However, this is still not able to capture the full nonlinear response of 
the laminate and the various damage mode magnitudes and interactions, as well as the boundary conditions, 
 ]`.]Z"# = 2.00     Theoretical 2.05     Experimental 
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across all the different laminate configurations. To achieve this the high-fidelity numerical models that are 
presented and validated in part 2 are required, where the damage is explicitly modelled by formulations 
based on combined stress and fracture energy criteria, and effects of nonlinearity, boundary conditions and 
delamination on the response of laminate under transverse loading are better captured. 
4.5 Scaling of matrix cracks 
The Is configuration has common features related to the Ss case in the sense that they have the same in-
plane dimensions and the same ratio of ply thickness to characteristic length (width of supporting window). 
Hence, it is expected that these common physical features might be reflected by damage mechanisms. If 
one compares the difference in transverse cracks before and after the critical load for all cases (Figure 16), 
there is a similarity between Ref/Ps and Ss/Is cases. It can be seen that Ps and Ref have fewer long transverse 
cracks relative to their in-plane dimensions, while Is and Ss have multiple shorter transverse cracks. Overall 
the trend for matrix cracking is not strong and the events at the back face do not seem to play an important 
role in the development of delaminations, which cause the critical load drops (see numerical analysis in 
part 2). 
5.! Conclusions and Perspectives 
This paper presents detailed experimental results explaining the mechanisms of damage development of 
laminated composite under transverse loading and providing data for validation of the numerical modelling 
strategies developed in part 2 of this study. Scaled indentation tests on quasi-isotropic composite plates 
were performed and a detailed assessment of the damage evolution was carried out through non-destructive 
techniques, such as ultrasonic scanning and X-ray computed tomography. Similar damage patterns were 
observed for all scaled plates. The first observable load drop in the global load-displacement curves was 
found to correspond to an unstable development of delamination at most interfaces, preceded by the 
presence of transverse cracks within the plies. A simplified model considering a circular homogeneous plate 
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with multiple delaminations was used to estimate the scaling of the main features of the plates' behavior at 
the first load drop. Further experimental data with additional scale factors for the various scaling parameters 
would be required in future work to fully understand the structural implications of damage scaling under 
transverse loading. The experiments presented here are sufficient to validate high fidelity finite element 
models (see part 2), ensuring they are capable of capturing such scaling effects. A further investigation of 
structural scaling could then also be undertaken in a simulation or virtual testing environment. 
In addition to the geometrical parameters, the relative variation of bending stiffness as a result of the 
different stacking sequences, the ply block thickness and the characteristic length also influence the scaling. 
The degree of geometric nonlinearity is another important factor, particularly affecting the amount of 
delamination and associated critical load. The tentative explanation of the scaling given here based on 
simplified models is further investigated by the detailed numerical models presented in part 2. The 
simulated evolution of each degradation mechanism and its scaling with the plate characteristics give 
further insight to the scaling effects observed experimentally and helps to explain the experimental results 
in more detail, beyond the simplified models used in this paper.  
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Figures  
 
Figure 1. X-ray images of cross-section of two identical Ps laminates (Ply-blocked scaling) comparing damage 
extent caused by dynamic low-velocity impact (upper) and quasi-static indentation (lower).  
 
 
 
Figure 2. Schematic of load-displacement curve of typical quasi-static indentation test on quasi-isotropic composite 
plate.  
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Figure 3 Experimental configuration for the static indentation tests. 
 
 
Figure 4. Load-displacement curves for the four types of specimens. 
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Figure 5. Representative global load-displacement curve and C-scan images depicting the overall delamination 
width for Reference case. 
 
 
Figure 6. Representative global load-displacement curve and C-scans depicting the overall delamination width for 
In-plane scaled plate.
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Figure 7 Representative global load-displacement curve and C-scans depicting the overall delamination 
width for Ply-block scaled plate.  
 
 
 
Figure 8. Representative global load-displacement curve and C-scans depicting the overall delamination 
width for sublaminate scaled plate.  
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Figure 9. Uppermost transverse cracks in each of the four test cases before the first load drop. The location 
of the transverse crack in the thickness direction is marked on the left hand side of each image. 
 
 
Figure 10. Transverse cracks in the bottom ply in each of the four test cases before the first load drop. The 
location of the transverse crack in the thickness direction is marked on the left hand side of each 
image. 
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Figure Legend 
 
Orienation 
 
Figure 11. Post-processed 3D X-ray images for each type of specimen taken after the first load drop. Each 
interface with the same interface angle is coloured as shown in the figure legend. 
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Figure 12. Delamination after the first load drop on the top 90/-45 interface for the four test cases. The 
location of this delamination in the thickness direction is marked on the left hand side of each 
image. 
 
 
Figure 13. Delamination after the first load drop on the bottom 90/0 interface for the four test cases. The 
location of this delamination in the thickness direction is marked on the left hand side of each 
image. 
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Figure 14. Collection of CT Images of delamination at each interface and neighbouring matrix crack in 
each ply for Ps case after first load drop, derived from X-ray CT scan. Distinctive matrix cracks 
are emphasised by green dashed lines. Each delamination is either pointed to the corresponding 
interface location, or from a to g. 
 
 
   (a) (b) 
Figure 15 Comparison of load-displacement plot between experimental and analytical solution for Ref, Ps 
and Is plate. (a) Comparison between linear analytical and experimental results for Ps, Ref and Is 
plate, A complete analytical solution with nonlinear term is included for the Is plate. (b) 
Comparison between the scaled-Ref plate (with scaling factor = 2), the Ps and the Ref plates. 
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(a) (b) 
Figure 16. Comparison of transverse bending cracks for all configurations before and after critical load. A 
indicates a specimen taken before load drop, and B indicates a specimen taken after the critical 
load. 
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Tables 
Table 1 Characteristics of the tested specimen, where hplate and hply is the plate overall cured thickness 
and nominal individual ply thickness. (Lay-up: [45m /0m /90m /−45m]ns with in-plane 
dimension ‘a & b’, and the indenter diameter is d). 
Test case m n hplate (mm) 
hply 
(mm) 
In-plane 
dimensions 
a x b (mm) 
 
 
Indenter 
diameter 
d (mm) 
 Reference (Ref ) 1 2 2 0.125 75 × 50 8  
In-plane scaling (Is) 1 2 2 0.125 150 × 100 16 
Ply-block scaling (Ps) 2 2 4 0.25 150 × 100 16  
Sublaminate scaling (Ss) 1 4 4 0.125 150 × 100 16  
 
 
 
 
Table 2. Characteristic features of each scaled test.  
Test case 
First Load Drop (FLD) Max transverse crack 
length 
Delamination after the 
first load drop 
Force 
(kN) 
Displace
-ment 
(mm) 
level of 
load drop 
(%) 
Before first 
load drop 
(mm) 
After  
first load 
drop 
(mm) 
 
Dia.1 
(mm) 
 
Projected  
area 
(mm2) 
Reference 
(Ref ) 1.28 1.0 3.54 9.0 14.6 6.6 34.2 
In-plane 
scaling (Is) 1.70 2.8 3.74 31.5 24.3 8.5 57.1 
Ply-block 
scaling (Ps) 3.96 1.5 21.0 35.5 45.7 13.5 142.5 
Sublaminate 
scaling (Ss) 4.73 1.7 24.6 22.0 29.0 19.5 300.0 
1 The delamination diameters are calculated from projected areas, assuming circular delamination, instead of direct 
measurements. 
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Table 3. Comparison of experimental and analytical result of initial flexural stiffness of each laminate using 
Eq.1  
Test case Scaling parameter 
Exp. initial stiffness 
(kN/mm) and scaling 
parameter 
Analytical initial stiffness 
(kN/mm) and scaling 
parameter 
Ref 1 1.47  (1) 1.36  (1) 
Is 0.25 0.47  (0.32) 0.34(0.25) 
Ps 2 2.87  (1.95) 
2.73  (2) 
Ss 2 2.98  (2.02) 
 
Table 4. Comparison of critical load for delamination obtained from experiment, analytical solution 
[32,42,43]. 
Test 
case 
Eeff 
(GPa) 
a 
 
GIIC 
(N/mm) 
h 
(mm) 
FC , Exp. 
(kN) 
FC, Theor. 
(kN) 
Ref 
 
42 
0.3 
 
 
0.8 
 
 
 
2 1.28 
 
1.61 
 Is 42 2 1.70 
 
1.61 
 Ps 42 4 3.96 
 
4.55 
 Ss 51.7 4 4.73 5.05 
 
 
 
